Abstract We report the molecular findings for the CTNS gene in 12 Turkish cystinosis patients aged 7-29 years. All presented initially with severe failure to thrive, polyuria, and polydipsia. Cystinosis was diagnosed at age 1 month to 9 years. Seven patients reached end-stage renal failure at ages ranging from 6.5 to 15 years. Whereas three of the remaining five have renal Fanconi syndrome with proteinuria, two have had kidney failure of varying degrees. Molecular analyses involved an initial multiplex polymerase chain reaction (PCR) to determine the presence or absence of the 57-kb northern European founder deletion in CTNS, followed by sequencing of the ten coding exons of CTNS. Comprehensive mutation analysis verified that none of the 12 patients carried the common 57-kb deletion. We identified four previously reported nucleotide variations associated with cystinosis and five new variants: a 10-kb deletion, three missense variants, and a nucleotide substitution in a potential branch point site of intron 4. This study is the first molecular analysis of Turkish cystinosis patients and provides guidance for the molecular diagnosis of cystinosis in this population.
Introduction
Cystinosis (CTNS; OMIM 219800) is an autosomal recessive disease caused by mutations of the CTNS gene (OMIM 606272; GenBank NM_004937.2) located on chromosome 17p13. CTNS codes for cystinosin, a protein that facilitates cystine egress from lysosomes. Defective lysosomal transport leads to widespread accumulation and crystallization of cystine in many organs, particularly the kidney, cornea, bone marrow, thyroid, lymph nodes, liver, and spleen [1] [2] [3] . The most common and severe phenotype is infantile nephropathic cystinosis in which renal signs and symptoms predominate; patients develop renal Fanconi syndrome in infancy and renal failure in the first decade. Other organs frequently affected are the cornea, causing painful photophobia, and the thyroid, associated with hypothyroidism. Myopathy, swallowing, pulmonary dysfunction, diabetes, male hypogonadism, and central nervous system involvement are seen in adolescents and young adults with nephropathic cystinosis [1, 4] . A milder cystinosis phenotype presents in adolescence with more slowly progressive renal failure and ocular disease, and an adult form (i.e., ocular) presents with only corneal disease [1, 5] .
Management and treatment of infantile nephropathic cystinosis includes supportive treatment to maintain fluid and electrolyte balance in infancy and early childhood.
Early diagnosis and specific treatment with orally administered cysteamine delays the onset of renal failure and prevents the occurrence of other serious organ involvement [6, 7] . Cysteamine eye drops may lessen visual symptoms by dissolving the corneal cystine crystals. Hemodialysis (HD), continuous ambulatory peritoneal dialysis (CAPD), and renal transplantation (Tx) are associated with increased survival rates in patients who progressed to end-stage renal failure (ESRF). Cystine accumulation has been reported in transplanted kidneys but with no clinical manifestations, as it reflects invasion of host cells containing cystine. However, after renal Tx, extrarenal manifestations of cystinosis continue to occur [1] .
The CTNS gene consists of 12 exons; numbers 3-12 are coding exons. CTNS mutations result in either complete abolition of, or reduced cystine transport [1, 5] . Many different mutations have been identified throughout the entire gene in European and American cystinosis patients [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The most common mutation is a large 57-kb deletion [11, [13] [14] [15] [16] . Here we report CTNS mutation analysis of 12 Turkish patients with cystinosis, representing the first such molecular diagnosis of cystinosis in this population.
Materials and methods

Patients
We studied 12 Turkish patients who were diagnosed with cystinosis and followed at Hacettepe University Faculty of Medicine Children's Hospital Department of Pediatric Nephrology and Metabolic Diseases Unit. Informed consent was obtained from the patients and/or their parents. Blood samples were collected from all patients; DNA was extracted from leukocytes, as previously described [19] .
Molecular analysis
The 57-kb deletion was tested using the method previously described [20] . Primers were designed to amplify the ten coding exons of CTNS, including their intronic boundaries (primer sequences available on request). Standard polymerase chain reaction (PCR) amplification procedures were employed. All PCR amplified products were directly sequenced using the Big Dye 3 Terminator chemistry (Applied Biosystems) employing an ABI 3130xl genetic analyzer (Applied Biosystems). Data were analyzed using Sequencher 4.8 (Gene Codes Corporation).
Mutation prediction analysis
The effect of missense variants and potential splice-site variants was evaluated, as described previously [21] . 
Results
Twelve patients (seven male; five female) from ten families were evaluated. Patients' ages ranged from 7 to 29 years; age at diagnosis was 1 month to 9 years. Consanguinity was reported for six families, and in two families there were two affected siblings. All patients were put on cysteamine bitartrate treatment at diagnosis. Six patients reached ESRF; one is receiving PD, three are on HD, and two have undergone renal Tx. Of the remaining six patients, three had varying degree of renal failure and three had proteinuria at the time of the study (Table 1) . Before sequencing, all patients were tested for the 57-kb deletion and it was not found in any of them. Analysis of the ten coding exons of CTNS revealed the presence of nucleotide variations in all patients. Thirteen different variants (Table 1) were identified in the 12 patients; four were already referenced in the dbSNP (http://www.ncbi.nlm.nih.gov/snp/) (rs161400, rs1800528, rs222753, and rs76153698). The others were one deletion (10 kb), one small deletion (4 bp), four missense c b a variants, two potential splice-site modifications, and a nucleotide substitution in a potential branch-point site of intron 4.
Newly identified missense variations c.451A>G, c.518A>G, and c.470 G>A were searched in 100 healthy Turkish controls by direct sequencing; none of these three variants was found in healthy Turkish controls (Figs. 1-3) . We also demonstrated segregation in two families in which DNA was available (Figs. 2 and 3) .
The potential effects of the nucleotide changes on cystinosin are listed in Table 2 .
Discussion
The diagnosis of cystinosis is confirmed by demonstrating markedly elevated cystine levels in polymorphonuclear leucocytes [1, 22] . Detection of corneal crystals by slitlamp examination is virtually diagnostic of cystinosis in patients with Fanconi syndrome. However, corneal crystals may not develop until 1-1.5 years of age, so this finding is not sensitive for early diagnosis that, along with diligent compliance with cystine-depleting treatment, determines prognosis. Another determinant is genetic predisposition. Infantile nephropathic cystinosis is associated with two severe CTNS mutations, including deletions, insertions, nonsense, missense, and splicing mutations, that cause complete abolition of cystine transport. The adolescent and ocular forms generally have one severe and one mild mutation, leading to reduced cystine transport [1, 5, 23] . Molecular studies have revealed that 50-60% of northern European and North American patients with cystinosis have a common 57-kb deletion that affects the first ten exons of the CTNS gene, consistent with a founder effect [11, [13] [14] [15] [16] . On the other hand, the 57-kb deletion has been detected with a much lower frequency in Italians, French Canadians, and Mexicans [12, 18, 20] ; the carrier rate was only 17% in Italians. HGMD (http://www.hgmd.cf.ac.uk/ac/index.php) describes approximately 100 mutations in the CTNS gene.
This report represents the first description of the genetic basis of cystinosis in Turkish patients. Our data reveal that the Turkish cystinosis population has novel genetic characteristics. Specifically, we did not detect the northern European 57-kb deletion in any Turkish patient. Of 13 different variants identified, five were novel, such as three missense variants [c.518A>G (p.Y173C), c.451A>G (p.R151G) , c.470 G>A (p.G157D)], a new gross deletion (c.62-1083_551del10217bp), removing nucleotides between intron 3 and exon 8, and the sequence variation in a potential consensus branch point sequence (c.141-22a>g). Although no functional studies have been performed, the amino-acid changes p.Y173C, p.R151G, and p.G157D are very likely to be causative mutations based on formal criteria, evolutionary conservation, and absence in healthy controls, as well as prediction software (Figs. 1-3 and Table 2 ). The sequence variation c.141-22a>g may disturb a consensus sequence for a branch point and interfere with correct or efficient splicing [24] . Regular software to predict efficiency of RNA splicing b a c does not exist for branch sites to our knowledge. Confirmation that this variant has an effect on splicing analysis on the RNA level is required. [25] . Of the eight previously reported variants, four had been associated with cystinosis [8] [9] [10] 26] and four were referenced in the dbSNP. The variant c.140+1 G>T has been described as 479+1 G>T according to old nomenclature; it affects a canonical splice site and results in loss of cystinosin function [8] . The variant c.1015 G>A (p.G339R) abolishes cystine transport in an in vitro functional model [9, 10] . The variant 4-bp deletion c.18_21del GACT (p.T7FX7) was described by Town et al. [8] and reported in different populations with cystinosis. The variant c.681 G>A (p.E227E), described in an Arabic population, is located in an exon-intron boundary and disturbs normal splicing [26] .
In our study, the most common variants identified were rs222753 at around 45%, as described in the dbSNP; and c.681 G>A; pE227E at around 29%, as a disease-causing variant [26] . Interestingly, the consanguinity of TR2, TR3, TR6, TR7, TR11, and TR12 is supported by the presence of homozygous variants. However, for patients TR4, TR5, and TR37, heterozygous variants are present despite parental consanguinity. Clinically, the patient homozygous for the 10-kb deletion (TR3) followed a severe course and progressed to ESRF at 10 years of age. Patients TR6 and TR7, homozygous for the new missense variants c.518A>G (p.Y173C) and c.451A>G (p.R151G), both had moderate disease courses, reaching adolescence with proteinuria but no renal failure. Patient TR121, homozygous for the known variant c.140+1 G>T that affects a canonical splice site, had a severe disease course [8] . The siblings (TR11 and TR12) homozygous for c.681 G>A (pE227E) exhibited a severe disease course but were the most noncompliant patients, which might be related to disease course. TR1, compound heterozygous for a new missense variant c.451A>G (p.R151G) and a known missense variant c.1015 G>A (p.G339R), had a mild disease course, with good compliance and largely intact renal function at age 12.
On the other hand, TR36, compound heterozygous for the c.681 G>A (p.E227E) and the same known missense variant (c.1015 G>A; p.G339R), is noncompliant and has experienced severe disease, with ESRF at approximately 10 years of age; she was recently transplanted with her mother's kidney.
The discrepancy in disease course in patients TR2 and TR 37 could be due to the different variants in the second allele as well as compliance to cysteamine treatment. TR2, homozygous for a known 4-bp deletion c.18_21delGACT; p.T7FX7, has severe disease with liver involvement. This deletion has been found in different populations and with widely variable disease severities [8, 9] . TR37 was compound heterozygous for a new missense mutation c. 470 G>A (p.G157D) inherited from her father (Fig. 3b) and a known deletion c.18_21delGACT (p.T7FX7) inherited from her mother. The patient had a fairly good course but progressed to end-stage renal disease (ESRD) at 16 years. Siblings TR4 and TR5 were compound heterozygous for a known splice-site variant c.681 G>A (p.E227E) and a new variant c.141-22a>g. These siblings had a completely different courses. Although TR4 was diagnosed at age 13 months, he was lost to follow-up for a long period and progressed to ESRD at age 9.5 years. On the other hand, TR5 had adequate management and follow-up and did not required renal replacement treatment as of age 17.5 years. These observations confirm once again the key role of early diagnosis and adequate cysteamine treatment in the course of cystinosis. From the genetic point of view, our findings support previous data on genotype-phenotype correlations of cystinosis patients [1, 5, 23] .
In summary, we show that Turkish cystinosis patients have different disease-causing variants of CTNS compared with European and North American patients. In light of our results, it seems that toward to Mediterranean region, the frequency of the 57-kb deletion decreases. In northern Europe and North American studies, the frequency approximates 50-70%, whereas it decreases to 17% in Italy [18] and is absent in this Turkish cohort. Our data once more confirm the wide mutational spectrum of the CTNS gene. Data provide a basis for further molecular diagnosis in the Turkish population.
